A fault-tolerant control scheme with thruster redundancy is developed and applied to perform attitude tracking manoeuvres for an orbiting flexible spacecraft. Based on the assumption of bounded elastic vibrations, an adaptive sliding mode controller is proposed to guarantee that all the signals of the resulting closed-loop attitude system are uniformly ultimately bounded in the presence of an unknown inertia matrix, bounded disturbances and unknown faults. An H ∞ performance index is introduced to describe the disturbance attenuation performance of the closed-loop system. This approach is then extended to the problem of elastic vibration without knowledge of the bounds a priori. The presented approach addresses thruster saturation limits and the desired thruster force is guaranteed to stay within the limit of each thruster. Extensive simulation studies have been conducted to demonstrate the closed-loop performance benefits compared to conventional control schemes.
Introduction
Spacecraft are generally designed with high reliability without any degradation in their attitude pointing accuracy and attitude stability. This high reliability is usually achieved by selecting highly reliable components, ensuring their reliability by quality assurance and environmental tests conducted at component level, subsystem level and even integrated spacecraft level before launch. Despite these efforts, faults do occur in orbit. The occurrence of a fault in any component of the spacecraft would degrade its performance, and consequently a fault tolerance capability is vital.
Actuators are vital components in a spacecraft attitude control system, especially for high-performance spacecraft, that are required to undergo fast slewing or manoeuvring. As a result, the consequences of an actuator fault are serious compared with other malfunctions during a mission. For this reason, almost all spacecraft systems are designed with actuator redundancy to increase system reliability. Boskovic et al. [1] applied the method of multiple models to detect and isolate actuator faults for spacecraft attitude control systems. Li et al. [2] used a dynamic recurrent neural network architecture, and proposed a fault detection and isolation (FDI) mechanism for thruster failures. Chen and Saif [3] presented a fault diagnosis approach to identify thruster faults by using an iterative learning observer. Wu and Saif [4] applied a robust FDI method based on neural state space models to a satellite attitude control subsystem, and investigated the robustness, sensitivity and stability properties. Unfortunately, these methods require the FDI process to provide a correct decision on the actual status of the component failure [5, 6] . Hence, there is great interest in fault-tolerant attitude control design for spacecraft by using redundant actuators. Jin et al. [7] employed dynamics inversion and time-delay theory to design a fault-tolerant controller (FTC) for a rigid satellite with four reaction wheels. For a spacecraft equipped with redundant thrusters, Cai et al. [8] proposed an indirect adaptive fault-tolerant attitude tracking control, in which a bound of the lumped perturbations was introduced and updated online. Other methods have been developed using actuator redundancy for reconfigurable air vehicle control to tackle actuator failures [9, 10] .
System uncertainties and external disturbances are two further challenges to be addressed in the design of attitude controllers. Furthermore, the orbiting attitude slewing operation introduces vibration in the flexible appendages, which may degrade the attitude pointing accuracy. Singh [11] presented an attitude control law design based on linearisation and non-linear inversion, although the technique was not able to deal with system uncertainties. Since adaptive control can successfully address system uncertainties of known structure, many investigations using adaptive control to design spacecraft attitude control laws are available [12] [13] [14] [15] . Jasim et al. [15] developed an adaptive feedback control algorithm to provide asymptotic tracking of commanded spacecraft motion without the knowledge of the spacecraft inertia parameters, although unmodelled dynamics and disturbances are not considered. Neural network control may be used as a removal technique for non-linear characteristics using relatively slow online function approximation [16, 17] , providing the uncertainties in the plant do not change quickly. In recent years, sliding mode control (SMC) has become an effective technique in spacecraft control because of its inherent insensitivity and robustness to plant uncertainties and external disturbances [18] [19] [20] . However, these design methods require information of the bounds on the uncertainties/disturbances for the computation of the control gains. Therefore to overcome the drawbacks of each method, a combination of these techniques has been studied for flexible spacecraft with uncertain parameters and disturbances [21] [22] [23] [24] .
In this paper, an adaptive FTC strategy is suggested for flexible spacecraft with redundant thrusters. The proposed FTC scheme is based on SMC theory and applied to address the problems of unknown thruster faults, external disturbances and an unknown and time-varying inertia matrix of the spacecraft. A key feature of the proposed approach is that the design of the FTC is independent of the faults. The resulting tracking performance is evaluated by an H ∞ index from a torque level disturbance/elastic vibration to a penalty signal for the tracking error. An adaptive mechanism is also adopted to update the unknown bounds of the system parameters. Furthermore, taking the practical thruster limits into account, the desired thruster forces are redesigned to remain within the limit constraints. A pulse-width pulse-frequency (PWPF) modulation technique is employed to transform the continuous control commands into equivalent discrete commands, that can be implemented with on-off gas jet actuators.
The paper is organised as follows. Flexible spacecraft modelling and control problem formulations are summarised in Section 2. Attitude tracking FTC laws based on SMC, and the adaptive case with H ∞ performance, are derived in Section 3. Numerical simulations are presented in Section 4 to demonstrate various features of the proposed control law. Finally, the paper is completed in Section 5 with some concluding comments. Notation: The notation · denotes the Euclidean norm of vectors and the induced norm of matrix. tr(A) denotes the trace of the matrix A. For ∀χ, y ∈ R, we define the projection mapping operator Proj χ (y) as
if χ = χ max and y < 0 −y, if χ min < χ < χ max −y, if χ = χ max and y ≥ 0 −y, if χ = χ min and y ≤ 0 0, if χ = χ min and y > 0 where χ min and χ max are the known constants.
2 Flexible spacecraft dynamics and the control problem
Kinematic equation
The unit quaternion is adopted to describe the attitude of the spacecraft using a global representation without singularities [25] . The unit quaternionq is defined bȳ
wheren is the Euler axis, is the Euler angle, q 0 and q = [q 1 q 2 q 3 ] T are the scalar and vector components of the unit quaternion, respectively. Moreover, the equation q T q + q 2 0 = 1 is satisfied. Then, the kinematics equation is
where ω ∈ R 3 is the angular velocity of the body-fixed reference frame of the spacecraft with respect to an inertial reference frame and expressed in the body-fixed reference frame, I ∈ R 3×3 represents the identity matrix, and for ∀x = [
T ∈ R 3 we define a skew-symmetric matrix S(x) as 
T , and ⊗ is the operator for quaternion multiplication, defined as
for any given two quaternionsq a andq b . The relative spacecraft attitude error dynamics is then
with the angular velocity error ω e given by
where R d is the rotation matrix from the desired reference frame to the body-fixed reference frame, and ω d is the angular velocity of the desired reference frame with respect to the inertial reference frame.
Flexible spacecraft dynamics
Under the assumption of small elastic displacements, the dynamic equations of a spacecraft with flexible appendages are given by Gennaro [26] Jω
where J ∈ R 3 is positive definite symmetric inertia matrix of the spacecraft, u(t) ∈ R 3 is the control torque acting on the main body and generated by gas jets and d(t) ∈ R 3 is the external disturbance (environmental disturbances, solar radiation etc.). In addition, C ∈ R N ×N and K ∈ R N ×N denote the damping and stiffness matrices, respectively, and are defined as
where N ∈ R is the number of elastic modes considered,
is the natural frequency and ξ i is the corresponding damping ratio. δ ∈ R N ×3 is the coupling matrix between the elastic and rigid structures and η ∈ R N is the modal coordinate vector.
To facilitate the subsequent control formulation, the following two assumptions are made.
Assumption 2:
The elastic oscillation and its velocity are assumed to be bounded. Thus η(t) and η(t)|| are bounded during the whole attitude control process.
Remark 1:
The net disturbance force, d(t), acting on the spacecraft consists mainly of gravitational perturbations, atmospheric drag and solar radiation pressure preservative forces, and these disturbance torques are bounded. It is therefore reasonable to make Assumption 1 for spacecraft.
Remark 2: Assumption 2 is also satisfied for flexible spacecraft systems since damping always exists in flexible structures, even if it is small, such that the magnitudes of elastic vibration and its velocity are bounded.
From the definition of ω e in (7), and the spacecraft dynamics given by (8) , the attitude tracking error equation can be derived as [8] 
whereR is the rotation matrix related to the error quaternion vectorq e and given byR = (q 2 0e − q T e q e )I + 2q e q T e − 2q 0e S(q e ). For the attitude tracking model given by (11) , consider the situation when an actuator fault occurs, especially when the actuator loses total or partial control power. A simple model of the thruster faults is incorporated into the non-linear spacecraft attitude error dynamics model and is described by
where τ ∈ R l denotes the propulsion force vector produced by l thrusters, and D ∈ R 3×l is the thruster distribution matrix. For a given spacecraft, D is available and can be made full-row rank by properly placing the thrusters at certain locations and directions on the spacecraft. The diagonal matrix E ∈ R l×l characterises the health of the thrusters, and is defined as
with 0 ≤ e i ≤ 1 (i = 1, 2, . . . , l) indicating the actuator health for the ith thruster.
Remark 3:
In the actuation effectiveness matrix, E, the case e i = 1 represents no fault in the ith thruster, while e i = 0 represents the complete failure of the ith thruster from which no force is generated. The case 0 < e i < 1 corresponds to the ith thruster partially losing actuation power. Hence, the matrix E is an unknown or possibly even time-varying, diagonal matrix.
Control problem statements
T is used to evaluate the attitude control performance, where σ defines a sliding surface and ρ i > 0 (i = 1, 2) are weighting coefficients. Suppose the level of disturbance attenuation is given as γ > 0. The control objective is to determine a control law τ (t), from the flexible spacecraft attitude tracking system given by (12) , such that:
1. All the signals of the resulting closed-loop attitude tracking system are uniformly ultimately bounded; 2. Torque level disturbances and/or elastic vibration attenuation with respect to the attitude quaternion error, along with the angular velocity penalty, is ensured using the H ∞ performance index.
Further, these two objectives should be met despite unknown external disturbances and system uncertainties, severe thruster faults and force limits on each thruster.
Derivation of adaptive sliding mode FTC system with H ∞ performance

Adaptive sliding mode FTC design
A robust adaptive SMC strategy is proposed for the attitude tracking control problem. By considering the error quaternion and the angular velocity vector, the following sliding surface is proposed
where β > 0 is a design parameter.
Remark 4:
To facilitate the controller design, letd d(t) − δ Tη − S(ω)δ Tη be considered as the lumped disturbances. From Assumptions 1 and 2, it can be shown that the energy ofd is bounded, that is, there exist a constant (unknown) μ > 0 such that
From Remark 4, (12) can be simplified to give
From (6), differentiating (14) and inserting (15) yields
The elements of the unknown symmetric inertia matrix J = [J ij ] are represented by
Then, (16) can be rewritten as
where
For the controller derivation, consider the Lyapunov-like function defined by 
Differentiating V with respect to time and inserting (18) giveṡ
We are now ready to summarise the first result for the attitude tracking problem.
Theorem 1:
Consider the flexible spacecraft attitude tracking system given by (6) and (15), with Assumptions 1 and 2.
The following control law is applied
and updated byΥ
Suppose that the control gains are chosen to satisfy
where κ is a positive control gain to be determined. Then, the control objectives (a) and (b) as stated in Section 2.4 are achieved.
Before we proceed with the Proof of Theorem 1, the following remarks are in order.
Remark 5: The conclusion of Theorem 1 is independent of the initial conditionsq(0), ω(0) and the reference trajectories q d and ω d . Therefore the proposed control law (24) can guarantee the spacecraft attitude to follow any desired attitude from any initial attitude with any angular velocity. In addition, the initial conditions for the parameter updating laws in (25)- (27) are selected asΥ(0) = I ,ˆ 1 (0) = 0 and 2 (0) = 0 for convenience.
Remark 6:
The actuation effectiveness matrix E is not used in the control scheme (24) , and so there is no need to include a health monitoring unit to identify or estimate which actuator is unhealthy, and fault isolation is not required. The thruster fault accommodation/compensation is performed automatically and adaptively by the proposed control algorithm. There are l thrusters (l > 3) properly mounted on the spacecraft and the remaining active thrusters are assumed to be able to produce a combined force sufficient to perform the required attitude manoeuvres. Moreover, the number of completely failed thrusters is no more than l − 3 to guarantee the attitude manoeuvres may be accomplished. If the number of failed thrusters is more than l − 3, then the system will become under-actuated, and the designed controller in (24) will not guarantee the stability of the resulting closed-loop attitude system. The under-actuated system is not considered further in this paper.
This feature is necessary to build affordable and effective fault-tolerant spacecraft control schemes. To stabilise the system, the rank of matrix D should be equal to 3, that is, the remaining active thrusters are able to produce an efficient actuating torque vector for the spacecraft to perform the given mission.
Remark 7:
In the updating laws (25)- (27) , it is known that even a small disturbance may lead to the divergence of the estimates of the parameters. To avoid this rare but possible case, a discontinuous projection proposed in [27] is used for the adaptive laws in (25)- (27) , and the adaptation laws can be rewritten as followṡ
Here, we have slightly abused the notation by using Proj to stand for both scalar-valued and vector-valued projection operators.
Proof of Theorem 1:
In view of (22) and the proposed control law (24), one haṡ
is employed in the derivation of (33). Then, integrating inequality (33) from t = 0 to ∞ yields
Clearly, we see in (34) that the L 2 gain from the unknown bounded disturbance, caused by the external disturbances and elastic vibrations, to the penalty signal z is prescribed by the constant γ . (34) shows that the H ∞ control performance is achieved according to the definition in [28] . Thus the proof is completed.
Modified adaptive sliding mode FTC design
Section 3.1 designed a controller for the attitude tracking manoeuvre for flexible spacecraft by an adaptive SMC law with an unknown inertia matrix and disturbance torques. However, the assumption of boundedness of the lumped perturbation must be satisfied in advance. To relax the assumption, a modified adaptive SMC is proposed, in which the effect of elastic vibrations is also considered in the robustness design. Introduce the state
Note thatψ
Thus, from (11)
where J 0 J − δ T δ. Computing the derivative of σ defined in (14) , and taking (37) into account, it follows that
with
Theorem 2: Consider the flexible spacecraft attitude tracking system governed by (6) and (37) with Assumption 1. Suppose that the adaptive SMC input τ (t) is determined by (41) (see below) and the updating laẇ
where i+1 (i = 1, 2) are positive definite symmetric matrices. The control parameters are chosen such that
Then, for all possible initial conditionsq(0), ω(0) and reference trajectoriesq d and ω d , the control objectives (a) and (b) as stated in Section 2.4 are achieved.
Proof:
The starting point is again the choice of an appropriate Lyapunov function, which is here taken as
By taking the time derivative ofV along trajectories generated from (38) to (46), one haṡ
The validation of the specifications of cases (a) and (b) follows the same argument developed in Section 3.1. Note that to keep the estimated parameters bounded, the discontinuous projection is also applied to the adaptive law in (42)-(44). This completes the proof.
Remark 8: In Theorems 1 and 2, there are many parameters that need to be determined, such as γ , ρ 1 , ρ 2 , β, κ and i . Note that here parameters ρ 1 and ρ 2 are the weighting coefficients of the penalty signal z and are usually selected as 1. Parameters β and i are easily determined according to the requirements of the closed-loop system.
Remark 9:
We can see from (34) and (49) that the high robustness to external disturbance/elastic vibrations is guaranteed by a prescribed level γ and the smaller γ is, the better the resulting attitude control accuracy. However, small values of γ require large control inputs. Hence, the value of γ will be determined according to the attitude pointing accuracy requirement of the considered spacecraft mission.
Modified adaptive sliding mode FTC design with thruster limits
From the above analysis, controller (41) enables the spacecraft to track a desired trajectory in the presence of parameter uncertainties, disturbances and even unknown thruster faults. From a practical perspective, one of the major issues in the attitude control system design is that the signal τ (t) in (41) generated by the control law might not be implemented because of physical constraints. A common example of such a constraint is actuator saturation, which imposes limitations on the magnitude of the achievable control input. When the actuator saturation is considered, the actual adaptive SMC being implemented is different from (41) as follows.
where τ t is given by (41), and Sat(D T τ t ) is defined as 1, 2, . . . , l) denotes the components of the thruster control forces. Then the stability analysis result is given in the following.
Theorem 3:
Consider the flexible spacecraft attitude tracking system given by (6) and (37) with Assumption 1. Suppose that the functional thrusters are able to produce a combined force sufficient to allow the spacecraft to follow a given target in the sense that there exists a constant ε such that the τ max strictly dominates the unknown uncertainty, disturbance and possible elastic vibration. That is
where λ is a design parameter and less than the minimum eigenvalue of DED T . The control law in (50) with (51) Proof: From (50), two cases are needed to prove the stability of the closed-loop attitude system.
, and then the time derivative ofṼ can be calculated aṡ
Case 2: For D T τ t < τ max , we consider the same Lyapunov functionV as defined in (47), and the Lyapunov derivative can be algebraically rearranged in steps identical to those employed in deriving (48), and the same argument as in Theorem 2 can be applied. This completes the proof.
Remark 10:
Based on the stability analysis in the previous section, the designed FTC law can be summarised as follows:
Step 1: Check the amplitude value of thruster limit such that
Step 2: Choose the control gain β such that the sliding surface σ = 0 is stable and the system has the specified convergence speed.
Step 3: Choose the scalar γ according to the attitude pointing accuracy of the considered spacecraft mission.
Step 4: Based on Remarks 8 and 9, design the parameters κ, ρ 1 , ρ 2 , ε, α and i (i = 1, 2, 3) such that the conditions in (28)- (29) or (45)- (46) are satisfied.
Step 5: Compute variables M i (i = 1, 2, 3) by using (19) , (23) and (39), respectively.
Step 6: Construct the designed control laws (24), (41) and (50) with the computed gain matrices and variables.
Simulated example and comparison of methods
The numerical application of the proposed control scheme to the attitude tracking control of a flexible spacecraft is presented using MATLAB/SIMULINK. The spacecraft parameters are chosen from [26] with the first four elastic modes considered at 025. There are six thrusters to be distributed symmetrically on three axis of the spacecraft body frame, and every two thrusters are mounted as a pair. For instance, thrusters 1 and 2 are arranged to produce a torque about the X -axis, thrusters 3 and 4 are arranged to generate a torque about the Y -axis and thrusters 5 and 6 are mounted to produce a torque about the Z-axis. In this case, the propulsion force is perpendicular to the corresponding axis such that distribution matrix can be simply determined by the distance r i (i = 1, 2, . . ., 6 ) between the centre of mass of spacecraft and the position of the thruster. In the following simulation, r 1 = r 2 = 0.7, r 3 = r 4 = 0.6 and r 5 = r 6 
To validate the controller performance with and without various combinations of thruster faults, attitude tracking is considered in the simulation, and suppose the desired attitude quaternion and angular velocity are selected as shown in (55) i = 1, 2, 3, 4) , are assumed to be η i (0) =η i (0) = 0, that is, the flexible appendages are initially undeformed. The simulated periodic disturbance torque is (see (57)) and the time-varying part of the moment inertia matrix is assumed to be given by
where ϑ(·) is defined as ϑ(t ≥ 0) = 1 and ϑ(t < 0) = 0. In this section, severe thruster fault scenarios are also considered, where some thrusters lose partial power with randomly varying heath levels and also some thrusters totally fail. The elements of actuator health matrix are given by e i (t) = 0.6 + 0.25 rand (·) + 0.15 sin(0.5t + iπ/3) (58) where rand (·) is a random number generator between −1 and 1. For the purpose of illustration, the following fault scenario is considered: the first thruster totally fails after 6 s, the second thruster loses 60% of its control power after 10 s, the third thruster totally fails after 10 s, the fourth thruster loses 60% of its control power after 12 s, the fifth thruster totally fails after 15 s and the sixth thruster loses 40% of its control power after 16 s.
In the context of the simulation, the gas jets (thrusters) produce on-off control actions, while the control signals commanded by the SMC in (24), (41) or (50) are continuous (the discontinuous switching only occurred on the sliding surface). Thus the control signals need to be implemented in conjunction with the on-off actuators. For discrete-type actuators, continuous signals are converted into equivalent discrete signals by PWPF modulation [25] . The PWPF modulator produces a pulse command sequence to the thruster by adjusting the pulse width and pulse frequency. In its linear range, the average torque produced equals the demanded torque input. In this paper, details of the characteristics and implementation of PWPF modulation are not given (see [25] ). Furthermore, the simulations have been rendered more realistic by considering thruster limits, and it is assumed that the maximum value of the control force for each thruster (gas jet) is 10 N, that is, τ max = 10 N.
Proposed control without explicitly considering thruster limits
To show the effect of the proposed adaptive sliding mode fault-tolerant controller (ASMFTC) in (24) , simulations were performed with the given initial conditions and the fault scenario in (58). Fig. 1a shows the time histories of the six gas jets. Once a thruster has failed the force produced by that thruster is zero. The time histories of error quaternion, error angular velocity and modal displacements of spacecraft are shown in Figs. 2a-c (solid line). In comparison with the nominal response with functioning actuators in Figs. 2a-c (dashed line), the tracking performance degrades to some degree once the actuator failure is introduced, and the settling time increases. However, the system ultimately regulates the tracking error to near zero within 30 s. In addition, the elastic vibrations are passively suppressed and the oscillations settle within 30 s. The last plot in Fig. 2c shows the vibration energy response, which is described by E =η Tη + η T Kη, and this energy shows almost zero oscillations after 30 s. This illustrates that the designed controller is capable of reducing the system vibration while maintaining the tracking capability of the spacecraft.
The attitude tracking system is also controlled by using the proposed modified adaptive sliding mode fault tolerant control (MASMFTC) law in (41), where the other controller parameters are fixed for a fair composition. The same simulation case is repeated, and the results are shown in Figs. 1b and 2a-c (dotted line). The simulation of both the nominal system and the case with failed gas jets also show the ability of the controller to follow the desired reference signals. Moreover, the oscillations are further suppressed because the elastic vibrations are considered in the design during tracking. These results support the theoretical result that the performance of the controller can be achieved with the parameter updating law even in the presence of an unknown inertia matrix.
The same simulation of the attitude tracking manoeuvre are repeated with a traditional PD controller and the results are shown in Fig. 3 (solid line) . The tracking performance of the PD controller is significantly degraded after the thruster faults are introduced; severe oscillations also occur after the thruster failures, as demonstrated in the modal displacement and vibration energy responses shown in Fig. 3b (solid line) . Furthermore, the closedloop system becomes unstable. Although some improvement may be possible with different design control parameter sets, there is little improvement in the attitude and velocity responses.
For further comparison, the simulation is repeated using the conventional adaptive sliding mode controller (CASMC) designed in [15] for the system. The results of the simulation are shown in Fig. 4 (solid line). The CASMC shows some tracking ability because of its robustness, although the tracking performance is degraded after the thrusters fail. Fig. 4 shows that the attitude responses can be improved significantly compared to the PD case, but result in severe vibration compared with the proposed methods. Figs. 1-4 show that the two proposed designs perform better than the existing controller designs, even when existing designs adapt to the system parameters under external disturbances. 
Proposed control explicitly considering thruster limits
The proposed methods can achieve the desired tracking performance with different thruster faults, when no thruster limits are explicitly considered. However, the controller parameters must be selected carefully and in practice there exists control output constraints. Here the limit of the thruster force is assumed to be 10 N. In order to overcome these constraints, the modified controller design in (50) is employed for the system considered. To demonstrate the effectiveness of this controller, the simulations are repeated with the previous two fault scenarios and the same initial conditions. The results are shown in Fig. 5 , and demonstrate that the proposed controller given in (50) works effectively within the operational control limit, even when the thrusters fail.
Summarising all of the cases (normal and fault cases), it is noted that the proposed controllers can significantly improve the tracking performance compared to the PD and CASMC methods, in both theory and simulation. Also, in the fault case, the proposed controllers have better performance than the conventional controllers. In addition, extensive simulations were performed using different control parameters, disturbance inputs and even combinations of thruster faults. These results show that closed-loop system attitude control and vibration stabilisation are accomplished in spite of these undesired effects in the system. Moreover, the flexibility in the choice of the control parameters can be utilised to obtain desirable performance while meeting the constraints on the control magnitude and elastic deflection. These control approaches provide the theoretical basis for the practical application of the methods of advanced control theory to flexible spacecraft attitude control systems.
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Conclusions
A fault-tolerant adaptive SMC scheme has been developed for flexible spacecraft attitude tracking manoeuvres with redundant thrusters in the presence of parametric uncertainties, disturbance and even unknown faults. The proposed control design methods do not require any fault detection, isolation or identification process to identify the faults. The control formulation is based on Lyapunov's direct stability theorem by incorporating the H ∞ performance criterion into the controller design. The controller designs are evaluated using numerical simulation and compared with other control schemes from the literature using different types of thruster failure scenarios. The results show that the robust FTC is able to recover from actuator failure and to guarantee that the reference attitude can be followed, while the conventional schemes are unable to perform the attitude tracking manoeuvre. Moreover, the control objective can be achieved even with thrust saturation. The approach assumed that the system is controllable with the remaining actuators, and that the sufficient control torque is available to counteract the undesirable effects produced when the failed actuator settles to an arbitrary value. The attitude control problem studied assumed full state feedback; however, in practice angular velocity measurements may not be available because of cost limitations or implementation constraints. Therefore attitude FTC without angular velocity measurements should be investigated, and is the subject of further investigation.
